A pH microelectrode has been used to investigate the auxin effect on free space pH and its correbtion with auxin-stimulated elongation in segments of pea (Pisum sativum) stem According to the currently popular acid secretion hypothesis of auxin action (2, 7), auxins stimulate growth by causing acidification of the cell walls, which at low pH undergo an increase in extensibility that leads to rapid cell enlargement. Several lines of evidence are consistent with this hypothesis (7, 9, 19, 24) , but published measurements of auxin-induced release of acid from tissue into an external bathing medium (3, 10, 11, 18) have not shown that auxin stimulates H+ secretion quickly enough to account for the rapid response (17) of elongation to auxin. If the acid secretion theory is correct it must be demonstrable that following exposure to an auxin the pH in the cell wall space falls to an elongation-stimulating value by the time that observable elongation in response to auxin actually commences, i.e. within the latent period for auxin action on elongation. A pH microelectrode that permits this type of measurement (13) Arbor, Mich.) of exposed tip length of 5 Aim and tip diameter of 2 ,um. The reference electrode was a segment of glass tubing (80 x 1 mm) the end of which was drawn into a capillary with a tip diameter of a few ,um. This tube was filled with 3 M KCI, in which was immersed an AgCI-coated silver wire that connected to the reference terminal of the pH meter. The electrode was read using the mv mode of operation of the meter and was calibrated against phosphate-citrate buffers (50 mm in K-phosphate and Na-citrate) of pH 4 and 6 before and after each experiment.
According to the currently popular acid secretion hypothesis of auxin action (2, 7), auxins stimulate growth by causing acidification of the cell walls, which at low pH undergo an increase in extensibility that leads to rapid cell enlargement. Several lines of evidence are consistent with this hypothesis (7, 9, 19, 24) , but published measurements of auxin-induced release of acid from tissue into an external bathing medium (3, 10, 11, 18) have not shown that auxin stimulates H+ secretion quickly enough to account for the rapid response (17) of elongation to auxin. If the acid secretion theory is correct it must be demonstrable that following exposure to an auxin the pH in the cell wall space falls to an elongation-stimulating value by the time that observable elongation in response to auxin actually commences, i.e. within the latent period for auxin action on elongation. A pH microelectrode that permits this type of measurement (13) has recently been used to deny the validity of the acid secretion hypothesis (14) . Employing here the same type of electrode to examine more critically the pH in the free space of maize coleoptile and pea stem segments we are able to confirm the predictions of the acid secretion hypothesis.
MATERIALS AND METHODS Plant Material. Seeds of Pisum sativum (var. Alaska) were soaked for 6 hr in tap H20, planted in Vermiculite, and germi-nated for 6 to 7 days at 25 C in the dark, except for brief exposures to dim red light every other day during watering. Segments approximately 8 mm long were cut from the third internode beginning 3 mm below the apical hook.
Seeds of maize (Zea mays var. Bear Hybrid) were soaked for 5 hr in tap H20, planted in Vermiculite, and kept in the dark at 25 C for 4.5 days, except for brief exposures to dim red light every other day during watering. A segment 8 Arbor, Mich.) of exposed tip length of 5 Aim and tip diameter of 2 ,um. The reference electrode was a segment of glass tubing (80 x 1 mm) the end of which was drawn into a capillary with a tip diameter of a few ,um. This tube was filled with 3 M KCI, in which was immersed an AgCI-coated silver wire that connected to the reference terminal of the pH meter. The electrode was read using the mv mode of operation of the meter and was calibrated against phosphate-citrate buffers (50 mm in K-phosphate and Na-citrate) of pH 4 and 6 before and after each experiment.
The relation between pH of a buffer solution and mv reading by the pH microelectrodes was checked for several microelectrodes with a series of solutions varying in pH from 4 to 7. Because this relation was always found to be linear over the pH range, mv readings from experiments were converted to pH values by linear interpolation using the mv values measured for the calibration buffers of pH 4 and 6.
The sensitivity of a pH microelectrode varied, for different experiments, from 50 to 58 mv/pH unit, but it was always constant through a given experiment. Between the beginning and the end of a typical experiment, however, the absolute mv values recorded by the microelectrode for the two calibration buffers would often change by a few mv. This drift in value was always of the same magnitude and in the same direction for both calibration buffers. Thus, the sensitivity of the microelectrode did not drift. For pH measurement a tissue segment was rinsed briefly in phosphate-citrate buffer (1 mm in both K-phosphate and Nacitrate), pH 6, then suspended horizontally from its ends approximately 3 mm above the floor of a 5-cm Petri dish, using two pieces of dental wax (Fig. 1A) . About (Fig.1A) .
By examination of freehand paradermal sections prepared after the pH measurements were completed, we found that the pH microelectrode so placed would usually kill one epidermal cell that it punctured and one subepidermal parenchyma cell just beneath the first cell, but leave adjacent cells in both cell layers intact.
Once the electrodes were in place, pH readings were taken every 3 min in room light. After four or five readings (about 15 min), the indicated pH had usually become steady (pH 5.7 to 6 for maize, pH 6 Phosphate-citrate buffer (1 mM), pH 6, was again added so that the lower surface of the segment, one cut end, and the lower half of the other cut end were covered by buffer. The dish was then mounted on a compound microscope stage with the light beam coming up from below past the free end of the segment.
Segment elongation was followed by observing the free end of the segment against a calibrated ocular micrometer using a 40x objective and a lOx eyepiece.
Readings were taken every 3 min for 15 min, then buffer (control) or buffered solutions of test compounds were added in the same manner as in the free space pH measurements. Elongation was followed for 50 to 60 min.
Tests of segment elongation as a function of external pH were made using segments 8 mm long cut from maize coleoptiles or pea third internodes that had been abraded by stroking with emery paste, as previously described (5), to render the cuticle permeable to water and solutes. Elongation of pea segments was measured by determining the aggregate length of groups of 10 segments each, as described (9) . After preliminary experiments on maize using the same method, elongation of maize coleoptile segments was measured using the apparatus of Green and Cummins (6), with the modification that only the external surface (not the central cavity) was perfused. For both maize and peas the growth media were 12 mm in K2HPO4 and 12 mm in Nacitrate plus citric acid, to give the indicated pH values. The elongation rate of each maize coleoptile segment placed in the perfusion chamber of the elongation recording apparatus was measured first in pH 7 buffer, then the perfusion medium was changed to a test buffer of lower pH, and measurement was continued until completion of the transient rise and subsequent decline of the elongation rate (usually about 20 min). The acidstimulated rate was taken as the maximum rate reached within 1 to 3 min after transfer to the more acidic medium.
RESULTS
The pH microelectrode measurements to be presented were taken within the cavity made by puncturing a single epidermal cell and the subepidermal parenchyma cell located interior to it.
The technique of electrode insertion, withdrawal, and partial reinsertion (see "Materials and Methods") ensures that the penetrated cells are killed and their cytoplasmic membranes thoroughly disrupted, so that the penetrated cell cavities become part of the free space of the tissue. Because of the distances of only a few gm involved in diffusion between these cell cavities and the adjacent uninjured free space, the cell sap contents of the penetrated cells must diffuse away into the surrounding free space within a very small fraction of a min (15 token, and because the penetration is made in a position where the penetrated cell chambers cannot exchange solutes directly with the medium that bathes the tissue segment (Fig. IA) , the pH within the penetrated cell cavities must equilibrate rapidly with the pH of the adjacent cell wall space and is therefore employed as a measure of the latter.
From Donnan principles, the pH in the cell wall itself cannot be exactly the same as that in a dilute liquid free space with which it is in equilibrium (20) . Therefore, the pH values in these experiments do not strictly represent cell wall pH and will be referred to as free space pH values. For comparison with the effects of external pH on segment elongation, the liquid free space pH rather than cell wall pH is really the pertinent parameter. A system more suited to the measurement of cell wall pH itself is the pH microelectrode being developed by Saftner and Hollander (21) .
Effect of IAA on Free Space pH. In Figure 2 , eight separate experiments are shown in which the free space pH of maize coleoptiles was monitored following addition of either IAA or buffer alone to the dilute phosphate-citrate medium bathing the segments. The treatment and control experiments in each graph were done consecutively, so that conditions were as comparable as possible for each pair of experiments. IAA initiated a decrease in free space pH after a lag that varied, in different experiments, from apparently less than 3 min (Fig. 2B) to as long as 18 min (Fig. 2D) (Fig. 3A) to 15 min (Fig. 3B) The apparent variations from segment to segment measured in the response of pea and maize free space pH to auxin application undoubtedly have components other than biological variation. The occurrence and direction of the drift in values recorded for the calibration buffers during an experiment could not be controlled. The maximum calibration drift encountered during these experiments was about 5 mv, equivalent to a deviation of about 0.1 pH unit from the real pH value. It is also possible that differences in the age of the microelectrode from experiment to experiment, even within the 15 hr maximum age limit that we considered advisable (see "Materials and Methods"), could have affected the apparent length of the lag between auxin application and onset of decrease in free space pH. However, although new electrodes responded more rapidly than older ones to changes in calibration buffers, no strong correlation between young electrodes and short lag periods in response to IAA was noticed. pH reading of 0.1 to 0.2 pH unit were sometimes observed upon addition of test solutions. The changes were not predictable in occurrence and were presumably instrumental artifacts. Several procedural variations were tried in an effort to eliminate such artifacts but no modification eliminated them altogether.
The free space pH measurements for control and IAA treatments of maize (Fig. 2) and pea (Fig. 3) were averaged with the results of three other similar control and IAA experiments on each tissue and these means are plotted in Figures 4B and 5B, respectively. In maize coleoptiles (Fig. 4B ) the mean free space pH declines from pH 5.8 to 4.8 in IAA; the decrease appears to begin immediately after exposure to IAA, but because of variance among the experiments 12 min is the earliest that the decrease in pH becomes statistically conclusive. In pea segments (Fig. 5B) (10, 18) .
Elongation in Response to pH. To determine the dependence of elongation rate on free space pH we treated maize coleoptile and pea stem segments with phosphate-citrate buffers of different pH. Neither of these tissues gave a substantial response to acidic media unless the segments had been scrubbed with emery paste to make the cuticle permeable (5) . If the cuticle was abraded, both maize coleoptile and pea stem segments under our conditions elongated in response to acidic media but this elongation rate, unlike that caused by IAA, declined rather rapidly with time during exposure to an acidic medium.
As illustrated previously (9), the elongation response of pea segments to acidic pH lasted almost 2 hr, so a 2-hr treatment was used to determine the elongation response as a function of pH (Fig. 8) . The results are similar to those previously given for peeled segments from light-grown pea seedlings (25) . Allowing for the decline in elongation rate with time in acidic media (9), the early elongation rate at pH values around 5 appears to be similar to the elongation rate of segments treated with IAA.
In the case of maize coleoptiles, rapid elongation of scrubbed segments in response to acidic media declined within about 20 min, as illustrated in Figure 9 . Therefore, the elongation rate 3 Abbreviations: PAA: phenylacetic acid; PCIB: p-chlorophenoxyisobutyric acid. response of maize coleoptile tissue to pH was measured in short term experiments like that of Figure 9 , using the apparatus of Green and Cummins (6), with results given in Figure 10 . The initial elongation rates observed after transfer to pH 4.5 to 5 were similar to the steady elongation rate of maize coleoptile segments treated with IAA. A pH curve very similar to that shown in Figure 10 was obtained by measuring the elongation of scrubbed coleoptile segments over 2 hr by the same technique used for peas in Figure 8 (data not presented). But because of the rapid decline of elongation rate with time ( Fig. 9) , the total elongation of scrubbed coleoptile segments during 2 hr at pH 4 to 5 was much less than that of unscrubbed coleoptile segments kept for 2 hr in IAA.
These results indicate that the steady elongation rate attained by pea stem or maize coleoptile segments when treated with IAA is similar to the initial elongation rate that these tissues exhibit when they are exposed to a phosphate-citrate buffer of about the same pH as that which develops in their free space under treatment with IAA, according to our measurements (Figs. 4B and SB).
DISCUSSION
The reported experiments show that IAA can cause a decrease in free space pH in tissue of both a dicotyledon, pea, and a monocotyledon, maize. The decrease induced is, in both tissues, to a pH value that of itself is capable of stimulating segment elongation to a rate similar to that obtained by treatment with IAA. In both tissues, the pH decrease occurs in a time range short enough to qualify it as causative of the early elongation that is induced by IAA under these conditions. The analogs PCIB and PAA, which at the same low concentration as that employed with IAA do not cause significant stimulation of elongation in either tissue, also do not cause any substantial change in free space pH. Since PCIB and PAA are physically similar to IAA and each is at least as strong an acid as IAA, this result shows that the decrease in pH seen in IAA is not due to diffusion of undissociated IAA into the free space.
Penny et al. (14) recently reported attempts to detect auxincaused decrease in extracellular pH in oat coleoptile and lupine hypocotyl using the same type of pH microelectrode that was employed in the present experiments. They detected no marked drop in pH in response to 30 ,uM IAA. However, the microelectrode tip was placed only 20 ,um into the open end of a xylem vessel exposed at one cut end of a tissue segment mounted horizontally in a flow-through solution chamber. Since the segment's cut end was apparently submerged, diffusion of protons past the inserted electrode over the short distance between xylem vessel and bathing medium would have had a half-time of about 5 sec (15) . This would effectively prevent any appreciable pH changes from being recorded at the site of measurement even if substantial pH changes occurred in the free space deeper within the tissue segment.
Auxin can induce changes in external bioelectric potentials of young plant tissues (1, 12) and the microelectrode used here may be sensitive to these potentials. However, any major interference in the pH readings reported here by hormone-induced potential changes can be discounted since reported values for these changes have been in the range of 5 to 6 mv (1, 12), whereas we observe IAA-induced changes in pH microelectrode potential of 50 to 80 mv. By the same token, the artifacts of +5 mv often introduced by the addition of test solutions, or by drifts in the calibration potential against standard buffers, were also too small to constitute major sources of interference.
The results demonstrate, in both maize and pea, that the free space pH begins to drop significantly before the onset of increased elongation in response to IAA. Cleland's recent work (4) agrees with this finding: using a more sensitive technique for measuring proton secretion by Avena coleoptile segments, he has now found an IAA-induced decrease in pH of the segments' bathing medium that begins early enough to explain IAA-induced elongation in that tissue.
The evidence that rapid acidification of the free space occurs in response to auxin does not necessarily mean that auxins activate an H+ pump as often assumed (7, 11, 16) . Sloane and Sadava (22) recently claimed that the slight acidification of an external medium that they obtained with auxin-treated pea stem segments was due entirely to CO2. Retention of respiratory CO2 could contribute to free space acidification either directly or through formation of organic acids (8) . Whatever its mechanism, the phenomenon of rapid auxin-induced acidification of the free space now seems firmly established for at least one dicotyledonous (Pisum) and two monocotyledonous species (Zea and Avena, present work and ref. 4) . In view of the ability of acid pH to directly cause wall extension, the auxin-induced acidification appears sufficient to account for the rapid cell enlargement response in these tissues to IAA.
Although it occurs rapidly, auxin-induced acidification of the free space is not short-lived but persists for many hours, as shown by previous long term measurements with external bathing media (3, 8, 10, 11, 18) . However, the transient nature of (Fig. 4) .
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the elongation response to acidic pH values in pea (9) and maize (data given here) gives reason to think that the longer term, continuous elongation of stem or coleoptile segments in auxin requires some kind of performance additional to acidification of the cell wall space. A similar suggestion regarding soybean hypocotyl segment elongation was recently advanced on other grounds (23) .
